Background: The prevalence of overweight and obesity associated with oxidative stress and immune abnormalities is continuously increasing. Antioxidant supplementations might counteract potential damage caused by ROS to cellular tissues. Objective: To determine the role of vitamins on immune improvement during obesity, we investigated in vitro effects of vitamins C, E, and NADH on mitogen-stimulated proliferation, Th1-and Th2-type cytokine production, and oxidant/antioxidant status of lymphocytes isolated from obese patients. Methods: Peripheral blood lymphocytes were isolated using a density gradient of Histopaque. They were in vitro cultured and stimulated by Con A in the presence or absence of vitamins. Cell proliferation was determined by MTT assay and interleukin-2, interleukin-4 and interferon-γ (INFγ) secretions. Cell oxidant/antioxidant balance was studied by assaying glutathione (GSH), malondialdehyde (MDA), carbonyl protein levels, catalase activity and micronucli frequency. Results: Obesity is associated with enhanced oxidative stress response. Indeed, vitamin C, E and NADH improved significantly lymphocyte proliferation and diminished cellular oxidative stress. Conclusion: Treatments of lymphocytes with vitamins had beneficial effects on lymphocyte proliferation, cytokines secretions and redox status, generating an anti-inflammatory profile and should be considered in therapeutic approaches for normalizing immune cell function in obesity.
Introduction
The prevalence of excess weight and obesity is continuously increasing, affecting millions of adults and children in developed and developing nations [1] . The excessive accumulation of body fat is linked with several health problems and metabolic disorders including insulin resistance, diabetes mellitus, dyslipidemia, and cardiovascular disorders [2] . Several studies have shown that obesity is associated with a chronic inflammatory state that may contribute to the development of many obesity-related co-morbidities and lipid metabolism and tissue function alterations [3] - [5] . Obesity is also recognized as a state of chronic oxidative stress related to inadequate antioxidant defences and increased free radical formation [6] [7] .
Obesity has been eventually related to impaired immunity linked to metabolic changes in T lymphocyte and phagocyte functions leading to altered immune competence [5] [8]- [10] . The high leptin levels in obesity can increase T cell proliferation and cause dysregulation in lymphocyte subgroups [11] . Cytokines, important regulators of immune function, play a crucial role in lymphocyte activation, proliferation and differentiation. During obesity, the secretion of cytokines, especially IL-2 and IL-4, is altered, according to previous studies [12] . Obesity-associated insulin resistance is consistently associated with elevated levels of pro-inflammatory cytokines such as TNFα, IL-6, and IL-1β [13] [14] . Obesity is also associated with the loss of anti-inflammatory regulatory T cells (Tregs), as well as the appearance of B cells, NK cells, NKT cells, eosinophils, neutrophils and mast cells [15] . It has been proved that increased susceptibility to infections and alteration of many immune functions are due to excessive nutrient intake [16] . Micronutrient deficiencies also induce adverse changes in immune function [17] . Vitamin deficiencies affect innate T cell-mediated immune response and adaptive antibody response [18] . Micronutrient deficiencies have been observed in obese patients, and they may influence several physiological functions with immune system impairment [19] . Several studies have thus focused on the effects of specific nutrient supplementation with respect to immune modulation [20] [21] . Immunomodulation may result in stimulation of lymphocyte proliferation, cytokine secretion, and/or homeostasis between T helper 1 (Th1) and Th2 lymphocytes [22] .
Proliferation, activation and secretion of cytokine by T cells are regulated by intracellular Reactive Oxygen Species (ROS) which play a role in peripheral T cell homeostasis [23] . However, excessive ROS formation leading to oxidative stress and prolonged exposure to high ROS concentrations induces immune dysfunction, inhibits T cell proliferation and leads to apoptosis [24] . Evidence has been provided that biomarkers of oxidative damage are high in individuals with obesity, thus worsening immune dysregulation and the pro-inflammatory state [25] . Given that obesity is associated with oxidative stress and immune abnormalities, antioxidant supplementations might counteract potential damage to cellular tissue caused by ROS and modulate cell immunity, and should be considered in therapeutic approaches for normalizing immune cell function in obesity.
Vitamins C, E and NADH can participate as antioxidants, modulate the immune system and protect it against free radicals. Vitamins C and E are two essential nutrients that can scavenge free radicals and constitute a strong line of defence in retarding ROS-induced cellular damage. Indeed, vitamin C has been shown to increase lymphocyte proliferation, to reduce oxidative damage in cultured human lymphocytes and to protect against cell destruction [26] - [28] . Many studies proved that vitamin E enhanced the immune system, T-cell maturation, lymphocyte proliferation and cytokine production [29] [30] . The energizing coenzyme NADH has various biological functions including energy metabolism, mitochondrial function, calcium homeostasis and gene expression, and has been used as an antioxidant agent protecting cells against damage induced by exogenous or endogenous oxidants [31] - [33] . Although previous data provides information about the important immune and antioxidant roles of vitamins, there is no direct information on their effect on the immune response in obesity.
Therefore, in this study, we investigated the in vitro effects of vitamins C, E and NADH on mitogen-stimulated proliferation, Th1-and Th2-type cytokine production and oxidant/antioxidant status of lymphocytes isolated from obese patients. We then used a lymphocyte transformation assay based on mitogen stimulation of lymphocytes, which is accepted as a technique to evaluate lymphocyte function. Our initial work constitutes a first step to explore immunomodulation of these vitamins during obesity.
Material and Methods

Subjects
The study population consisted of 50 normal weight men (BMI 18 -24 kg/m Exclusion criteria for the selected subjects were the presence of chronic diseases and taking any medication known to influence lipid metabolism and immune system or vitamin supplements.
Blood Simples
Fasting blood samples were collected in a volume of 4 mL and drawn from the arm veins and were aseptically collected in two ethylene diamine tetra-acetic acid (EDTA) tubes, one for biochemical parameters and the second for immediate lymphocyte isolation.
Biochemical Analyses
Plasma glucose, triglycerides and total cholesterol were determined by enzymatic methods (Kits Spinreact, Ctra. Santa Coloma, Spain).
Isolation and in Vitro Lymphocyte Proliferation Assay
Peripheral blood lymphocytes were obtained from venous blood using differential centrifugation by Histopaque 1077 (Sigma Aldrich). The peripheral blood lymphocytes were collected at the interface of plasma and Histopaque and washed with the RPMI (1640) culture medium (Gibco, USA). Cell viability was tested by Trypan blue exclusion method. The cells were counted in Malassez hemocytometer and suspended in complete RPMI 1640 (supplemented with HEPES buffer, fetal calf serum, L-glutamine, 2-mercaptoethanol, penicillin and streptomycin) at 4 × 10 6 cells/mL concentration.
Cells were cultured in triplicate in microtiter plates with or without T-cell specific mitogen Concanavalin (Con A) (Sigma Aldrich) and maintained at 37˚C in a 5% CO 2 humidified atmosphere for 48 h. Aiming to determine the effects of vitamins, lymphocytes were incubated with vitamin C, E, and NADH. The vitamin concentrations used were 50 µM for vitamin C, 50 µM for vitamin E, and 500 µM for NADH. Vitamin concentrations used in our study were chosen according to previous studies which showed that these concentrations did not affect cell viability [28] [34] [35] . After incubation for 48 h and centrifugation at 1500 rpm for 10 minutes, the cells were removed and the supernatants were collected for cytokine analysis. The cells were counted and assessed for viability which was over 80% for all cultures in our experiments. Lymphocyte proliferation was evaluated by the widely method used, the MTT [3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide] (Sigma) assay as previously described [36] . The stimulation index (SI) was expressed as percentage of the control.
Interleukin-2, -4 and INFγ Assay
Interleukins (IL-2, IL-4) and interferon-γ (INFγ) levels in cell culture supernatants were measured by using commercially available ELISA kits (R & D System, Oxford, UK) as per instructions supplied with. Results are expressed as pg/mL. The Th1/Th2 ratio was evaluated as the IFNγ/IL-4 ratio.
Lymphocyte Redox Parameters
Lymphocyte GSH Assay
After cell lysis, intracellular reduced glutathione (GSH) contents were measured by using a Bioxytech GSH-400 kit (OXIS International, Inc., Portland, OR, USA).
Lymphocyte Antioxidant Catalase Activity Assay
Catalase activity was determined in lymphocytes using spectrophotometric analysis of the rate of hydrogen peroxide decomposition at 240 nm according to a previous method [37] .
Lymphocyte MDA Assay
The widely marker used for lipid peroxidation, malondialdehyde (MDA) in cell cultures was measured spectrophotometrically using thiobarbituric acid according to a method described previously [38] .
Lymphocyte Carbonyl Protein Assay
Protein carbonyls were evaluated as biomarkers of protein oxidation by 2,4-dinitrophenylhydrazine reaction as previously reported [39] .
Micronucleus (MN) Assay
To detect DNA damage, the MN assay was used. The presence of MN was assayed after blocking cell cytokinesis by the actin inhibitor cytochalasin B (Sigma), following the method and the established criteria for MN evaluation as previously described [40] [41]. In general, the criteria for scoring MN are: 1. The cells should be binucleated. 2.
The two nuclei in a binucleated cell should have intact nuclear membranes and be si- 
Statistical Analysis
Results were expressed as mean ± SD. The student's test was applied to observe the significant difference between obese and control subjects. The data were analyzed by one way ANOVA followed by LSD (least significant difference) test for assaying statistical differences between multiple incubations. P < 0.05 was noted for the majority of significant differences between obese and control men, and also between the different incubations. The statistical analyses were done using STATISTICA software package (Statsoft, Paris, France). P < 0.05 was considered statistically significant.
Results
Biochemical Parameters
Significant differences were found in plasma glucose levels in the obese group compared to the control group (Table 1 ). Significant differences were also obtained in plasma cholesterol and triglyceride concentrations between obese and control subjects.
In Vitro Effects of Vitamins on Lymphocyte Proliferation
Con A mitogen-stimulated proliferative responses, expressed as stimulation indices, of lymphocytes incubated with vitamins are shown in Table 2 . In the presence of vitamin C and NADH, lymphocyte proliferation was not affected in controls. However, vitamin E induced a significant increase in T lymphocyte proliferation. In obese patients, vitamins C, E and NADH stimulated T lymphocyte proliferation. Obese patients showed a slight decrease in Con A-stimulated lymphocyte proliferation rate compared to the control value, but the difference was not statistically significant. In the presence of vitamin C and NADH, cell proliferation in the obese group was higher than the control group; the effect was more pronounced with vitamin C.
In Vitro Interleukin-2, -4 and INFγ Secretion
After 48 h of culture, the secretion of cytokines IL-2, IFNγ and IL-4by Tlymphocytes was tested to evaluate the balance between Th1 (IL-2 and IFNγ) and Th2 (IL-4) phenotypes ( Table 3 ). The changes in IL-2secretion observed in the different cultures were parallel to those seen in the proliferative responses. No significant differences were found between IL-2 levels of Con A-stimulated lymphocytes from obese and control groups. Vitamin C and NADH supplementation had no effect while vitamin E enhanced IL-2 secretion by lymphocytes of control subjects. In obese patients, the three vitamins increased lymphocyte IL-2 secretion, which became higher in obese subjects than in the control group. IL-4 levels secreted from Con A-stimulated lymphocytes The values are means ± SD of triplicate assays from 32 obese patients and 50 healthy controls. Multiple comparisons were performed using ANOVA followed by the least significant difference (LSD) test. Letters a, b, c indicate significant differences between different incubations (P < 0.05). Obese versus control within the same incubation: *P < 0.01; **P < 0.001. The values are means ± SD of triplicate assays from 32 obese patients and 50 healthy controls. Multiple comparisons were performed using ANOVA followed by the least significant difference (LSD) test. Letters a, b, c indicate significant differences between different incubations (P < 0.05). Obese versus control within the same incubation: *P < 0.01; **P < 0.001.
were significantly decreased in obese compared to control subjects. Supplementation with vitamins had no effect on IL-4 secretion in the control group while causing a significant rise in the obese group (Table 3) . IFNγ levels were unaffected by vitamin C and NADH while increasing significantly in the presence of vitamin E in the control group.
In the obese group, all vitamins tested induced a significant increase in IFNγ secretion by lymphocytes. However, IFNγ levels were significantly lower in obese lymphocytes compared to controls, except in the presence of NADH which induced a normalization of IFNγ secretion (Table 3 ). In Con A-stimulated lymphocytes from obese patients, the Th1/Th2 ratio measured as the ratio of IFNγ to IL-4 was similar to that found in controls ( Figure 1 ). This ratio was unaffected by the addition of vitamin C and NADH but was increased by vitamin E in the control group. Supplementation with vitamins C and E had no effect on Th1/Th2 ratio while NADH increased it in obese patients. Indeed, this ratio became lower in the presence of vitamin E and higher in the presence of NADH in the obese group compared to the control group. 
Lymphocyte Redox Status
Lymphocyte GSH Content and Catalase Activity
There were no significant differences in the GSH content of Con A-stimulated lymphocytes from the obese and control groups (Figure 2 ). Supplementation with vitamin C and NADH had no effect while vitamin E induced a significant rise in lymphocyte GSH levels in control subjects. In obese patients, vitamins C and E increased lymphocyte GSH content while NADH had no effect. Indeed, in the presence of vitamins C and E, GSH content of obese lymphocytes became higher than that of controls.
Lymphocyte catalase activity was reduced in obese subjects compared to the control group ( Figure 2 ). Catalase activity was unaffected by addition of vitamins to control cultures. In the obese group, lymphocyte catalase activity was also unaffected by vitamin C and NADH. However, supplementation with vitamin E increased it and induced a normalization of this enzyme activity in obese patients.
Lymphocyte MDA and Carbonyl Protein Content
Lymphocyte MDA and carbonyl protein levels were significantly increased in obese subjects compared to the control group (Figure 3 ). These oxidative markers were unaffected by vitamin supplementation in control subjects. However, in obese patients, vitamins C, E and NADH induced a significant fall in lymphocyte MDA and carbonyl protein amounts. In the presence of vitamins C and E, MDA levels in obese lymphocytes became similar to control values. Carbonyl protein content of obese lymphocytes was only normalized by vitamin E. Figure 2 . Intracellular antioxidant status of Con A stimulated lymphocytes from obese and control subjects. The values are means ± SD of triplicate assays from 32 obese patients and 50 healthy controls. Multiple comparisons were performed using ANOVA followed by the least significant difference (LSD) test. Letters a, b and c indicate significant differences between different incubations (P < 0.05). Obese versus control within the same incubation: *P < 0.01.
Micronucleus Formation
T lymphocytes in obese subjects compared to the control group. The number of MN was significantly increased in Con A-stimulated T lymphocytes in the obese group compared to the control group. The addition of vitamins induced a significant decrease in MN number in the lymphocytes of obese patients, but had no effect on MN in control subjects. In the presence of vitamins C and E, MN number in the obese group was normalized to control values.
Discussion
Obesity is associated with alterations in cellular immunity. Nutritional status has an important influence on the immune system and its function is very sensitive to nutritional changes [16] . Generally, most cases of obesity are thought to be caused by a combination of excessive food consumption and a sedentary life style [42] . The results of this study provided evidence that the presence of vitamins modulated lymphocyte proliferation, cytokine secretion and oxidant/antioxidant status in obesity.
In the present study, obese patients had high fasting glucose levels compared with controls, related to the IR state. These obese patients also had increased triglycerides Multiple comparisons were performed using ANOVA followed by the least significant difference (LSD) test. Letters a, b, and d indicate significant differences between different incubations (P < 0.05). Obese versus control within the same incubation: *P < 0.01. Multiple comparisons were performed using ANOVA followed by the least significant difference (LSD) test. Letters a, b, c indicate significant differences between different incubations (P < 0.05). Obese versus control within the same incubation: *P < 0.01.
and cholesterol concentrations compared to control groups, in agreement with a previous study [43] [44] . Adipose tissue IR and dysfunctional lipid storage in adipocytes are sentinel events in the progression toward metabolic dysregulation in obesity [43] .
Previous studies in humans and animal models have shown altered lymphocyte num- bers, reduced lymphocyte responsiveness to mitogen stimulation and dysregulated cytokine expression in obesity [45] [46].
Since obese patients are at risk for vitamin deficiency [19] , in this study we investigated the in vitro effects of vitamins on lymphocyte function and tried to determine whether these vitamins may contribute to immune improvement during obesity. In our study, Con A-stimulated lymphocyte proliferation in obese patients was similar to that found in controls. Since IL-2 is a potent T lymphocyte growth factor, normal IL-2 secretion by lymphocytes might be the reason for normalization of lymphocyte proliferation in obese patients. However, IL-4 and IFNγ production by T lymphocytes after mitogen stimulation was reduced in obese patients compared with controls. Our findings were in agreement with a previous study that showed a decrease in cytokine secretion in obese patients [47] [48] . The INFγ/IL-4 ratio was unchanged in obese patients, reflecting no change in the profile of Th1/Th2 lymphocytes. The current study demonstrated that obesity was associated with an enhanced oxidative stress response. In terms of antioxidants, there were no significant differences in the GSH content of Con Astimulated lymphocytes between the two groups. Our results agreed with the findings of others [49] . Lymphocyte catalase activity was reduced in obese patients compared to the control group, in agreement with previous studies [50] [51]. In addition, lymphocyte MDA and carbonyl protein levels were increased in obese patients compared to In addition, our results showed that the addition of vitamin E enhanced lymphocyte proliferation in obese and control groups. This was accompanied by an increase in IL-2
and INFγ secretion in both groups. However, vitamin E also induced an increase in IL-4 levels in the obese group with no change in the control group. Our results were in agreement with other studies showing the stimulatory effect of vitamin E on IL-2 and IFNγ production [58] [59] . It is interesting to note that vitamin E induced an enhancement in the INFγ/IL-4 ratio, generating a pro-inflammatory profile in controls. In the current study, the treatment of lymphocytes with vitamin E showed a powerful antioxidant effect, based on higher GSH levels in obese and control groups, and a significant increase in lymphocyte catalase activity in the obese group associated with low levels of MDA and carbonyl proteins while no changes were observed in controls. The effects of vitamin E seemed to be stronger in obese patients compared with controls. Our findings corroborated previous studies [56] [60]- [62] .
Our results showed that NADH induced an increase in lymphocyte proliferation and in IL-2, INFγ and IL-4 secretion in obese patients and had no effect in the control group. Our findings revealed that NADH possessed cytokine-modulating effects. A previous study showed that NADH could influence monocyte/macrophage function in peripheral blood by modulating IL-12 and TNF-alpha production [63] . NADH might be the key to protecting against free radicals and act as a direct antioxidant. The presence of NADH induced a decrease in lymphocyte MDA and carbonyl protein amounts.
GSH and catalase activity activities were not affected by NADH. These findings were similar to those in previous studies [31] [32].
In general, our results revealed that vitamins C, E and NADH induced an increase of IL-4 concentrations in obese patients. It should be pointed out that IL-4 secreted by activated Th2 lymphocytes has a novel role in regulating lipid metabolism by inhibiting adipogenesis and promoting lipolysis [64] . MN frequency is a well-known marker of DNA damage. Our results revealed that vitamins C, E and NADH induced a significant decrease in MN frequency in the obese group. Vitamins normalized MN formation in the obese group. Our findings confirmed that vitamins played an important role in protecting lymphocytes against oxidative and DNA damage, in agreement with previous findings [65] [66].
In conclusion, our results showed that treatment of lymphocytes with vitamins had beneficial effects on lymphocyte proliferation, cytokine secretion and redox status, generating an anti-inflammatory profile during obesity. Vitamin supplementation should be advised to improve immune response and oxidative stress in obese patients.
Indeed, despite the beneficial effects of vitamin E, it generated a pro-inflammatory profile in non-obese subjects. Special attention must be paid to vitamin E intake.
